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Study of X-ray Kirkpatrick-Baez imaging with single layer
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The X-ray Kirkpatrick-Baez (KB) imaging experiment with single layer is implemented. Based on the
astigmatism aberration and residual geometric aberration of a single mirror, a KB system with 16× mean
magnification and approximately 0.45ograzing incidence angle is designed. The mirrors are deposited with
an Ir layer of 20-nm thickness. Au grids backlit by X-ray tube of 8 keV are imaged via the KB system on
scintillator charge-coupled device (CCD). In the ±80 µm field, resolutions of less than 5 µm are measured.
The result is in good agreement with the simulated imaging.
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Kirkpatrick-Baez (KB) optics is a typical grazing inci-
dence reflective imager at kiloelectronvolt (KeV) band
of energy. For its higher spatial resolution (∼5 μm) and
collecting radiation efficiency than traditional X-ray pin-
hole camera, KB microscope is of critical importance for
inertial confinement fusion (ICF)[1,2]. Especially after
mid-1990s, many diagnostics using KB microscope were
developed rapidly, such as the state equation measure-
ment in Nova, the hydrodynamic stability of directly
driven planar foils in Omega, and so on[3,4]. The used
optical elements were single metal layer and multilayer.
Single metal layer KB has higher reflectivity than mul-
tilayer KB, but the latter could go beyond the limit of
critical angle and resolve spectrum[5,6]. By now, only
one-dimensional imaging with 100-μm spatial resolution
was implemented in China[7]. The essential reasons were
the accuracy of grazing incidence angle and the detec-
tion efficiency. In this letter, we report the design and
experiment of X-ray KB imaging with a single Ir layer,
which realizes the spatial resolution of ∼5 μm in the
±80 μm field.

The KB imager works based on the total external
reflection of X-ray. It consists of two perpendicular con-
cave spherical mirrors in tandem (as shown in Fig. 1).
Rays from the object point are reflected by the first mir-
ror (tangential mirror here) and form a tangential line
while not a point. Similarly, rays via the second mirror
(sagittal mirror here) form a sagittal line. Thus the per-
pendicular structure plays a role to overcome the strong
astigmatism.

The imaging properties of each direction are described
by the Coddington equations[8]. For tangential direction,

Fig. 1. Schematic diagram of KB optics.
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where subscripts “t” and “s” refer to the tangential direc-
tion and sagittal direction, respectively, θ is the grazing
incidence angle for the principal ray, u is the object dis-
tance, v is the image distance, d is the axial distance
between the centers of mirrors, f is the focal length, and
R is the curvature radius of mirror. With certain graz-
ing incidence angles of θt and θs, the tangential focal line
and sagittal focal line can be set in the same plane, which
means the astigmatism is essentially eliminated.

In addition, the resolution is also limited by residual
aberrations of single mirror. We have deduced the equa-
tions of geometric aberration in previous report[9]. The
geometric aberration Y is given by

Y/M =
3r2

2R
+

2r

R sin θ
q, (3)

where r is the radius of mirror aperture, and q is the off-
axis distance in object plane. Equation (2) is expressed
clearly for Y/M due to that this quantity can be better
measured for the resolution resulting from the geometric
aberration than Y alone. Geometric aberration consists
of on-axis spherical aberration of 3r2

2R and off-axis aber-
ration of 2r

R sin θ q. Obviously, mirror aperture and field of
view are essential factors related to the geometric aber-
ration. A small mirror aperture will improve geometric
aberrations, especially spherical aberration. But the flux
will decrease greatly, which makes the detection very
difficult. In addition, small mirror will make diffraction
serious and decrease the resolution of central field. So
the size of mirror aperture should be decided by the res-
olution requirement and actual flux together. Typically,
the value is in the range of 4 − 10 mm[10,11]. Another
relevant factor q is in proportion to the off-axis geometric
aberration. So the resolution will decrease sharply with
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the increase of field. The field with 5-μm resolution is
approximately ±100 μm, which is suited as the size of
compressed core in ICF[12].

It must be noted that the image quality is also in-
fluenced by small-scale imperfections of mirrors. The
primary imperfection is figure error, which makes the
grazing incidence angle irregularly changed and the reso-
lution decreases as a result. Surface roughness is another
important imperfection. It causes the serious scattering
and decreases the flux primarily. Generally, the surface
error should be superior to the figure of λ/20 and rough-
ness of 0.5 nm[13].

Based on the aberration analysis and actual require-
ments, the parameters are designed as follows: work-
ing energy E = 8 keV, curvature radius Rt = Rs=
20 000 mm, object distance u = 79.3 mm, mean mag-
nification M = 16× (Mt = 16.1, Ms = 14.2), mirror
aperture d = 10 mm, grazing incidence angles θt = 0.428◦
and θs = 0.478◦. The solid angle subtended by each re-
flecting pair as seen from the source is ∼9×10−7 sr for
this case. The fabrication errors are figure of λ/10 and
roughness of 1 nm.

The substrate made of K9 glass was coated with 10-
nm Cr initially and then an Ir layer was deposited onto
the surface with a thickness of 20 nm. Reflectivity of
the Ir mirror at 8-keV energy is shown as Fig. 2 from
a calculation[14]. The reflectivity decreases sharply near
0.55◦. At the working angles of 0.428◦ and 0.478◦, the
reflectivity is approximately 80%.

In order to ensure the perpendicularity of tangential
mirror and sagittal mirror, they were adjusted using in-
ternal focusing telescope and penta prism. Then the two
mirrors were assembled to be a whole on an object lens
table. The X-ray source was homemade Cu target tube.
The working voltage and current were 37 kV and 20 mA,
respectively. The exposure time was 20 min. Au grids
of 1500 lines/inch were backlit with X-rays. The separa-
tion of the grid in the mesh was 15.8 μm with the grid
width of 6.03 μm and thickness of 12 μm, which were
measured by scanning electron microscope (SEM). The
image was recorded by a scintillator X-ray charge-coupled
device (CCD) imager of 1 392×1 040 pixels and 6.45×
6.45 (μm) pixel-size (Photonic Science, XDI-50).

Alignment of the grazing incidence angle is an essen-
tial step in this experiment. It is a good idea to adjust
the grazing incidence angle by directly imaging with KB
at visible wavelength. However, the extreme small nu-
merical aperture caused by grazing incidence makes it
impossible. In this experiment, the numerical aperture
is only 5×10−4, the corresponding diffraction limit at

Fig. 2. Reflectivity of Ir layer of 20-nm thickness at 8 keV.

visible wavelength is up to 500 μm, which greatly exceeds
the tolerance of grazing incidence angle. For X-ray of 8
keV (λ = 0.154 nm), the diffraction limit is only 0.18 μm
and it can be ignored in alignment process. In experi-
ment, we moved the mirrors to the center of X-ray beam
firstly. Then the angle of mirrors was finely adjusted
till the reflected focal line appeared. By measuring the
distance between projective spots and one-dimensional
reflected focal line, the grazing incidence angle was en-
sured.

The imaging results are shown in Fig. 3(a). The grids
are distinct in the central field and gradually blur out
with the increase of field. There are twelve distinct pe-
riods, corresponding to the size of 200 μm in the object
plane. The ununiformity of brightness is due to the X-
ray source, which has been tested by direct projection.
Each grid image is not foursquare as the original shape.
This change is caused by the difference of magnifications
in tangential direction and sagittal direction.

Figure 3(b) shows the intensity distribution along

Fig. 3. Experimental results of imaging with KB optics. (a)
Image of the backlit Au grids taken with a Cu X-ray tube;
(b) intensity distribution along the horizontal direction; (c)
comparison of measured resolution and simulated resolution.
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the horizontal direction of Fig. 3(a). The values were
computed intensity in normalized gray scale versus po-
sition in pixel (6.45 μm/pixel). The irregular change of
intensity peak is due to the ununiformity of X-ray source.
By the period of intensity along the horizontal direction,
the actual magnification in the tangential direction could
be calculated. The value is (315/8× 6.45)/15.8=16.1. In
the same way, the magnification in the sagittal direction
was calculated to be 14.1. Obviously, they coincide with
the designed parameters perfectly.

The resolution function was measured from Fig. 3(b),
which corresponded to the distance of 20% to 80% of the
minimum intensity to the maximum intensity. Actual
measurement results of spatial resolution (data points)
are shown in Fig. 3(c). The error bar was obtained
through five times measurement. By this resolution
evaluating method, the resolution is measured approx-
imately 2 μm in the central field, and less than 5 μm
in the field of ±80 μm. The solid line in Fig. 3(c) is
the simulated resolution by ray tracing in ZEMAX. The
measured resolution is in good agreement with the sim-
ulated resolution except for the on-axis case where it is
likely that the small-scale imperfections of figure error
and roughness are the most important.

In this letter, X-ray KB imaging with an Ir layer was
investigated. Spatial resolution of approximately 5 μm
was realized in the ±80 μm field, which is close to the
performance of KB microscope used in foreign laser fa-
cilities. For soft X-ray imaging for ICF, the grazing
incidence angle could be larger. It will make the reso-
lution better in identical field. In addition, multilayer
technology, by which the grazing incidence angle can be
expanded out of the critical angle, can improve the per-
formance too.
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